Abstract Speciation is important for good bioavailability of calcium from food and beverages. Effective calcium enrichment of dairy products for prevention of osteoporosis accordingly depends on the calcium compound added. Calcium D-lactobionate (50, 30 or 3 mM) was added to reconstituted skim milk with pH adjusted to 6.6, 6.0, 5.7 and 5.4 at 25°C in order to investigate the distribution of calcium and phosphorus between micellar and serum phase and the speciation of calcium in the serum phase for enriched milk. The calcium from added calcium D-lactobionate was found to distribute between the micellar and serum phase at pH 6.6-6.0, while at pH 5.7-5.4, the added calcium remained in the serum phase. The concentration of phosphorus after enrichment was increased in the micellar phase and decreased in the serum phase at pH 6.6-6.0, while at pH 5.7-5.4, phosphorus remained constant in both phases. A decrease of total protein content and caseins in milk serum phase was observed after milk enrichment at all pH values as documented by protein determination and sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Moreover, concentration of α-lactalbumin remained unchanged, while concentration of β-lactoglobulin decreased after addition of calcium D-lactobionate at all investigated pH values. Bioavailability of calcium from enriched dairy products depends on transfer to the micelles, and pH control is accordingly concluded to be critical for the use of calcium D-lactobionate for enrichment. The pH value needs to be taken into account when new calcium-enriched dairy products are designed to fulfil the primary role of having a product with high nutritional value and good calcium bioavailability.
Introduction
Calcium in milk is in equilibrium between micellar and serum phases. In the serum phase, calcium is mainly found as free or associated to citrate and, to a lesser extent, to inorganic phosphate, chloride and α-lactalbumin. In the micellar phase, calcium is present as colloidal calcium phosphate (CCP) bound in the casein micelles (Gaucheron 2005) . The majority of the calcium (70%) in milk is located in the micellar phase and carried during digestion to the intestines for high bioavailability of calcium (Gueguen and Pointillart 2000) . In accordance, dairy products are excellent sources of dietary calcium which should find increasing use against nutritional calcium deficiency as a worldwide challenge (Volatier et al. 2000) . The high bioavailability of dairy calcium may also be used in enrichment strategies by using dairy products as a calcium vehicle in order to overcome calcium deficiency in certain population segments, for instance elderly people and postmenopausal women, and to reduce the frequency of osteoporosis among other diseases (Heaney 2000; McCarron and Heaney 2004; Philippe et al. 2003; Singh et al. 2007) . Osteoporosis is a skeletal disease causing increased bone fragility and mainly affecting elderly people. An important goal for improved calcium nutrition is to inhibit bone mass loss, and high calcium uptake has been correlated with reduced risk of osteoporosis (Harvey et al. 2008) . Increased calcium intake is correlated with increased bone density in children and higher bone mass and lower fracture risks in adults and elderly people (Wosje and Specker 2000; Nieves et al. 1995) . The need for increased calcium intake has led the dairy industry to develop and produce a variety of calcium-enriched products (Singh and Muthukumarappan 2008; Gerstner 2002) .
Increasing the content of calcium in dairy products had been based on the addition of different calcium salts such as calcium chloride, calcium carbonate, calcium citrate, calcium lactate and calcium gluconate (Omoarukhe et al. 2010; Vavrusova and Skibsted 2014) . Especially, calcium salts of lactic, gluconic and lactobionic acid seem to be attractive additives for food enrichment (Gutierrez et al. 2012) . Calcium lactate has been used for enrichment of milk (Omoarukhe et al. 2010) , soymilk (Pathomrungsiyounggul et al. 2010 ) and yoghurt (Singh and Muthukumarappan 2008) . The chemical structure of calcium D-lactobionate can be seen in Fig. 1 and is a calcium salt of lactobionic acid, an oxidized form of lactose, and composed of galactose and gluconic acid residues with high solubility, 0.62 mol.L −1 (Bugg and Cook 1972; Vavrusova et al. 2013) . The electrochemically determined association constants between calcium and Dlactobionate at 25°C are 25 ± 5 mol.L −1 , in 0.20 mol.L −1 NaCl, and 11 ± 2 mol.L −1 , in 1.0 mol.L −1 NaCl (Vavrusova et al. 2013 ). According to Singh et al. (2007) , the bioavailability of calcium from milk enriched with calcium lactate or calcium gluconate is higher than that from milk enriched with calcium chloride. Other calcium salts than calcium chloride should accordingly be explored in future product development. Calcium added as calcium gluconate or calcium lactate has moreover been found to enrich the micellar phase more efficiency rather than calcium added as calcium chloride (Singh et al. 2007 ). Enrichment of milk with calcium chloride has been studied by several scientists (van Hooydonk et al. 1986a; Augustin and Clarke 1990; Le Ray et al. 1998; Famelart et al. 1999; Udabage et al. 2000; Philippe et al. 2003; Canabady-Rochelle et al. 2007 ). However, in these studies, calcium chloride was in most cases added to milk with normal milk pH, perturbing the equilibrium distribution of calcium between the micellar and the serum phase. For conditions of decreasing pH, calcium addition may become distributed differently between the micellar and the serum phase. Accordingly, we found it timely to investigate the equilibrium distribution of calcium and phosphorus between the micellar and the serum phase in milk after addition of calcium D-lactobionate as calcium salt with a natural image for calcium enrichment of dairy products. Our study further investigates the aggregation of milk proteins after milk enrichment with calcium D-lactobionate. The effect of Ca and P distribution in Ca-enriched milk2.3 Milk enrichment at different pH values Low-heat skim milk powder (Milex 240, Arla Foods Ingredients, Viby J, Denmark) was reconstituted in deionized water at a level of 10% (w/w) and stirred for 1 day at 25°C to ensure complete hydration of casein micelles and equilibration of the mineral content. To avoid bacterial growth, sodium azide (0.02%) was added to reconstituted skim milk samples before being stored at 25°C for 1 day. The next day, the reconstituted skim milk was divided into smaller samples and pH was adjusted with 5.0 M HCl to 6.0, 5.7 and 5.4 to be compared with a control sample (pH 6.6) without addition of acid. The dilution caused by the HCl was kept constant for all samples by addition of deionized water when needed, and all samples were stored under stirring at 25°C for 1 day. The limited variation in pH (6.6, 6.0, 5.7 and 5.4) was chosen in order to avoid micellar flocculation (Hinz et al. 2012) and make this pH range practically applicable to dairy technology. Still, for this pH variation, calcium and phosphorus distribution is significantly affected both in the micellar and in the serum phase after skim milk acidification by glucono-delta-lactone at different temperatures (Koutina et al. 2014 ). The following day, different amounts of calcium (50, 30, 3 and 0 mM) for all different pH values (6.6, 6.0, 5.7 and 5.4) were added using calcium D-lactobionate and all the samples were stored under stirring at 25°C for 1 day. The next day, in order to avoid effects due to decrease in pH from addition of calcium D-lactobionate, the pH value of each sample was readjusted to 6.6, 6.0, 5.7 and 5.4 using 1.0 M NaOH. The dilution caused by the NaOH was kept constant for all samples by addition of deionized water, when needed. All samples were left at 25°C for 1 day before further analysis.
Milk ultracentrifugation
The separation between the micellar and the serum phase was done after ultracentrifugation (Sorvall, RC 6 Plus Centrifuge, Axeb Lab Solutions, Albertslund, Denmark) of reconstituted milk samples at 50,000×g for 2 h at 25°C. Minerals that remained in the supernatant will be referred to as serum phase fraction components.
Protein and mineral analysis
Separation of non-casein protein and total protein was done using the method of Rowland (1938) . Non-casein protein and total protein content from reconstituted milk samples and total protein content from serum phase milk fractions were determined using the Bradford method (Kruger 1991) . Total casein content was taken as the difference between total protein and non-casein protein from reconstituted milk samples.
Total and serum contents of calcium were determined in milk samples and in their serum phase fractions using an atomic absorption spectrometric method (IDF 2007) . Micellar calcium was taken as the difference between total and serum calcium. Free calcium contents were determined in serum phase fractions using an ion-selective electrode ISE25Ca with a reference REF 251 electrode (Radiometer Analytical SAS, Lyon, France) at 25°C. Calibration of calcium electrode was done before analysis, using standards solutions of CaCl 2 (0.10, 1.0, 10 and 24 mM) with 80 mM NaCl as a background electrolyte. The Nernst equation was used for calculation of free calcium content based on the linear correlation between the electrode potential (mV) measured in the calibration solutions and the corresponding electrode potential (mV) measured in the serum phase of milk samples and the calcium concentration expressed as pCa=−log [Ca 2+ ]. Total and serum contents of phosphorus were determined in reconstituted milk samples and in their serum phase fractions using the standard absorption spectrometry method (IDF 2006) . Micellar phosphorus was considered as the difference between total and serum phosphorus.
SDS-PAGE in serum phase fraction
The protein composition (caseins, α-lactalbumin and β-lactoglobulin) of the serum phase fractions was analyzed by SDS-PAGE. Aliquots of 0.5 mL of the sample from serum phase fractions and 0.5 mL of 10% SDS/Tris buffer were mixed for few seconds. Then samples were prepared by mixing 12 μL of diluted sample, 25 μL of LDS, 10 μL of 1.0 M DTT and 53 μL of deionized water. Aliquots of 10 μL of the samples and 3.0 μL of the broad range marker were loaded to the wells of the gels. Electrophoresis was run for 60 min at 200 V in cassettes containing MOPS/SDS running buffer. Following electrophoresis, the gels were fixed overnight in a fixation solution (50% ethanol, 7% acetic acid and 43% Milli-Q water) at room temperature on a rocking table. Following staining overnight by the fluorescence SYPRO Ruby Protein Gel Stain, gels were washed several times using a wash solution (10% ethanol, 7% acetic acid and 83% Milli-Q water). Gels were then scanned using a charge-coupled device (CCD) camera (Raytest, Camilla II, Straubenhardt, Germany). The pixel intensity of the caseins, α-lactalbumin and β-lactoglobulin bands, determined by the peak height after subtraction of background, was quantified using GelAnalyzer 2010 software (http:// www.gelanalyzer.com/). The results are expressed in arbitrary units (A.U.).
Statistical analysis
Each sample consisted of three independent replicates, and results of each analysis are presented as the mean±SD. One-way ANOVA from the SPSS statistical software (version SPSS 19.0, 2010, IBM Danmark ApS, Kgs. Lyngby, Denmark) was used for handling the data. When a significant probability was distinguished (P<0.05), paired comparisons between means for each parameter were carried out using Tukey's test.
Results

Total protein and protein composition of milk samples and serum phase fractions
The total protein content of the reconstituted skim milk 31.4±0.2 mg.mL −1 was distributed between non-casein protein 2.8±0.1 mg.mL −1 and total casein 28.6± 0.3 mg.mL . The content of non-casein protein is less than expected due to high heat treatment during the production of the reconstituted skim milk powder (>70°C) which caused the whey protein to denaturate and attach to casein micelle surface (Lucey and Singh 1997) , which will influence the experimental value of non-casein protein. Table 1 shows the total protein content from serum milk fractions after addition of different amounts of calcium D-lactobionate at different pH values at 25°C. For all pH values investigated, the protein content in the serum decreased as a function of milk enrichment with calcium D-lactobionate from 0 to 50 mM ( Table 1) .
The band intensity (A.U.) of caseins, α-lactalbumin and β-lactoglobulin of the serum phase fractions after addition of different amounts of calcium D-lactobionate at different pH values at 25°C can be seen in Table 1 . For all pH values, the increase of calcium D-lactobionate from 0 to 50 mM causes a decrease of the casein band intensity in serum milk fractions (Table 1) . α-Lactalbumin band intensity remained constant for all pH values and calcium D-lactobionate additions. For pH 6.6 and 6.0, the increase of calcium D-lactobionate from 0 to 50 mM caused a decrease of β-lactoglobulin intensity bands, while for pH 5.7 and 5.4, the increase of calcium D-lactobionate from 0 to 50 mM did not affect the intensity of the β-lactoglobulin bands significantly (Table 1) .
3.2 Calcium and phosphorus analysis of milk samples and serum phase fractions Table 2 shows the concentration of total, micellar, serum and free calcium at milk samples and serum milk fractions after addition of different amounts of calcium D-lactobionate at different pH values at 25°C. For all pH values, the increase of calcium D-lactobionate from 0 to 50 mM causes a significant increase of total, serum and free calcium ( Table 2) . For pH 6.6 and 6.0, the increase of calcium D-lactobionate from 0 to 50 mM causes a significant increase of micellar calcium, while for pH 5.7 and 5.4, the increase of calcium D-lactobionate from 0 to 50 mM did not affect the level of micellar calcium significantly ( Table 2 ). The molar ratio between serum calcium and free calcium was found to be 1.1± 0.1 for 0 mM; 1.5±0.3 for 3 mM; 2.4±0.2 for 30 mM and 2.6±0.4 for 50 mM based on all pH values for each addition of calcium D-lactobionate. Table 3 shows the concentration of micellar and serum phosphorus in milk samples and serum milk fractions after addition of different amounts of calcium D-lactobionate at different pH values at 25°C. The amount of total phosphorus was 32.5±0.9 mM. For pH 6.6 and 6.0, the increase of calcium D-lactobionate from 0 to 50 mM causes a significant increase of micellar phosphorus with a concomitant decrease of serum phosphorus (Table 3) . For pH 5.7 and 5.4, the increase of calcium D-lactobionate from 0 to 50 mM did not affect the level of micellar and serum phosphorus significantly (Table 3 ). The molar ratio between micellar calcium and micellar phosphorus was found to be 1.5±0.1 for 0 mM; 1.4±0.3 for 3 mM; 1.3±0.1 for 30 mM and 1.6±0.2 for 50 mM including all pH values for each addition of calcium D-lactobionate. A ratio between calcium and phosphorus higher than 1 is ideally for better absorption of calcium in the human body (Singh et al. 2007) , and in our study, the molar ratio was always above 1, confirming the beneficial effect of calcium D-lactobionate for milk enrichment. The effect of Ca and P distribution in Ca-enriched milk
Discussion
Generally, addition of calcium salts to milk will influence the level of CCP, the proportion of caseins in the micellar and serum phase, the activity of Ca 2+ and the ionic strength of milk (Udabage et al. 2001; Augustin and Clarke 1990; CanabadyRochelle et al. 2007 ).
Changes in protein distribution after addition of calcium D-lactobionate
As seen from Table 1 , calcium D-lactobionate additions decrease the total protein content in the serum phase for increased amount of calcium D-lactobionate in the pH range studied, confirming previous studies for other calcium salt additions (Udabage et al. 2011; McMahon et al. 1984; Philippe et al. 2003; Le Ray et al. 1998; Ramasubramanian et al. 2012) . Enrichment of milk with calcium salts in general causes casein micelles to swell (van Hooydonk et al. 1986a; Philippe et al. 2003) , decrease in voluminosity (van Hooydonk et al. 1986a ) and decrease in zeta potential (Philippe et al. 2003) . Besides the decreasing amount of total protein in the serum phase (Table 1) , the casein concentration (Table 1) is also decreasing for an increasing addition of calcium Le Ray et al. (1998) concluded that the addition of calcium chloride decreased both the α-casein and β-casein due to aggregation of these sensitive proteins in the presence of calcium, and calcium D-lactobionate seems to have the same affect ( Table 1 ). All types of caseins will dissociate from the micelles due to dissociation of calcium and phosphorus as the pH decreases (Dalgleish and Law 1988) , effects which are enhanced by the protein-to-protein interactions within casein micelles (Bringe and Kinsella 1991) . In addition, enrichment of milk with calcium salts increases calcium bridging between the casein micelles and decreases the net negative charge of the caseins (Dalgleish 1992) . Philippe et al. 2003 concluded that the concentration of caseins in the serum phase decreased after enrichment of milk with calcium salts and suggested that the caseins from the serum phase either became part of existing micelles or formed new casein micelle structures. In contrast, α-lactalbumin concentrations were not affected by enrichment of milk with calcium salts (Table 1) . β-Lactoglobulin was affected by the addition of calcium D-lactobionate in milk (Table 1 ) due to the formation of complexes of β-lactoglobulin with κ-casein in the micellar phase (Hill 1989; Corredig and Dalgleish 1996) .
Changes in mineral distribution after addition of calcium D-lactobionate
Enrichment of milk with calcium D-lactobionate increased free, serum and micellar calcium at pH 6.6 and 6.0, but for pH 5.7 and 5.4, micellar calcium remains constant for all calcium additions (Table 2 ). In addition, enrichment of milk with calcium Dlactobionate increases the micellar phosphorus with a concomitant decrease of serum phosphorus, confirming previous studies (Famelart et al. 1999; Udabage et al. 2000; van Hooydonk et al. 1986a ), but only for pH 6.6 and 6.0 (Table 3 ). The decreased amount of phosphorus in the serum phase after addition of calcium D-lactobionate can be explained by the low solubility and supersaturation of calcium phosphate in the serum phase (Mekmene et al. 2010) . The decreased amount of phosphorus (Table 3) and caseins (Table 1) in the serum phase suggests that the additional calcium could both be bound to serum phosphorus and serum caseins or remain as free ions which can enter the micellar structure giving a different conformation of the casein micelles (Bringe and Kinsella 1991) . Bringe and Kinsella (1991) concluded that the addition of calcium salts increased the amount of CCP in the micelles and cross bridges between the phosphate groups of α-casein and β-casein were formed on the surface of para-κ-casein. The molar ratio between serum calcium and free calcium was increased with increasing concentration of calcium D-lactobionate, which means that a certain amount of added calcium will remain free in the serum phase while a larger amount will be bound in the serum phase with chloride and, to a lesser extent, with phosphorus and citrate due to protonation of phosphate and citrate during milk acidification (Mekmene et al. 2010) . Nevertheless, the lower pH value in our study was 5.4 and limited amounts of citrate and phosphorus may still be available for interactions with calcium.
The molar ratio between micellar calcium and micellar phosphorus was around 1.5 for all different additions of calcium D-lactobionate. In addition, van Hooydonk et al. 1986b found a molar ratio between micellar calcium and micellar inorganic phosphate equal to 1.66 for pH range 6.7-5.6, but in our study, we estimated both the amount of organic and inorganic phosphorus which will cause differences in the estimated value of the ratio. Moreover, the molar ratio was not increased with increasing concentration of calcium D-lactobionate since at pH 5.7 and 5.4, the level of micellar calcium and phosphorus was not affected by the added calcium.
Effect on micellar characteristics after addition of calcium D-lactobionate
For pH 5.7 and 5.4, the micellar calcium and the micellar and serum phosphorus are constant for all calcium D-lactobionate additions (Tables 2 and 3) . It is evident from Table 2 that at pH 5.7 and 5.4, the calcium added as calcium D-lactobionate is not entering the micellar phase but remains only in the serum phase. In addition, the concentration of serum phosphorus is increased upon changing from pH 6.6-6.0 to 5.7-5.4 and is available to bind the added calcium to form different calcium phosphate species in the serum phase or remain as free ions. According to Rollema and Brinkhuis (1989) , the 1 H-NMR spectrum of casein micelles is unaffected by pH when changing pH from 7.5 to 5.8 even though a considerable amount of CCP is solubilized by pH lower than 5.8 (van Hooydonk et al. 1986a; Koutina et al. 2014) . The micellar caseins seem to incorporate more calcium into their structure for pH 6.6 and 6.0 compared to lower pH as summarized in Fig. 2 . At pH between 5.7 and 5.4, the net charges of caseins are decreasing (Mekmene et al. 2010) , CCP is still solubilized (van Hooydonk et al. 1986a) , and as a consequence, the casein micelles are expecting to undergo conformation changes without being affected by the addition of calcium D-lactobionate.
Conclusion
Calcium from calcium D-lactobionate added to milk was distributed between the micellar and serum phase at pH 6.6-6.0, while at pH 5.7-5.4, calcium remained in the serum phase. Phosphorus was decreased in the micellar phase and increased in the serum phase at pH 6.6-6.0, while at pH 5.7-5.4, phosphorus was almost constant in the Fig. 2 Calcium flow following addition of calcium D-lactobionate to skim milk at pH 6.6-6.0 (A) and 5. 7-5.4 (B) micellar and serum phase. At pH 5.7-5.4, phosphorus is more protonated than at pH 6.6 and is expected to remain as free phosphate ions in the serum phase or bound to serum caseins or, to a lesser extent, calcium. This indicates that the pH value for dairy food enrichment plays a vital role for the distribution of the minerals between the micellar and the serum phase and, as a consequence, may affect the bioavailability during the consumption of enriched dairy products. Future studies should focus on the distribution of mineral in milk at different temperatures and pH values closer to the digestive tract.
